Fashions in ideas, like clothes, come and go. From approximately 1950-1980, physiological research was seen as the key discipline in understanding lung disease and was at the cutting edge of pulmonary science. Subsequently, its importance has been down played amid a widely accepted but unfounded assumption that we now have a perfect working understanding of the physiological behaviour of the respiratory system in health and disease. Although it seems improbable that completely new disciplines within respiratory physiology will emerge with fundamentally different ways of describing the mechanical or gas exchanging function of the lung, advances in computing and new observations in disease have highlighted previously unsuspected physiological abnormalities that have changed the way we view lung disease and the interface between disordered lung mechanics, symptomatology and disability. This is especially true for the two related physiological concepts of expiratory flow limitation and dynamic hyperinflation, which are now being taken from the physiological laboratory to the bedside with dramatic effect. Each arises from well-established theoretical and practical observations first made 40 yrs ago and now adapted to a range of settings, particularly in the field of obstructive lung disease. This review focuses on how these conditions are defined and assessed and what evidence there is that they might be important in lung disease.
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TIDAL EXPIRATORY FLOW LIMITATION AND ITS MEASUREMENT Conventional techniques
The term expiratory flow limitation (EFL) is used to indicate that maximal expiratory flow is achieved during tidal breathing and it is characteristic of intrathoracic airflow obstruction. It should be noted that some experts use the term chronic airflow limitation as a synonym for chronic obstructive pulmonary disease (COPD), to indicate the reduction in maximum expiratory flow that occurs in this disease (and indeed in other pulmonary diseases); however, this term does not imply that EFL actually occurs during tidal breathing [1] [2] [3] .
The presence of EFL during tidal breathing promotes dynamic pulmonary hyperinflation (DH) and intrinsic positive end-expiratory pressure (PEEPi), with concomitant increase of work of breathing, functional impairment of inspiratory muscle function and adverse effects on haemodynamics [4] . This, together with flow-limiting dynamic airway compression during tidal breathing, may contribute to dyspnoea [5] .
According to a recently proposed attractive and provocative hypothesis [6] , the transition from peripheral airway disease to overt COPD in smokers who are destined to develop COPD is characterised by three sequential stages, in which EFL plays a central role: Stage I, the closing volume eventually exceeds the functional residual capacity; Stage II, EFL first develops; and Stage III, DH progressively increases, leading to dyspnoea and exercise limitation. The presence of airway closure (Stage I) and EFL (Stage II) in the tidal volume range may promote peripheral airway injury and accelerate the abnormalities of lung function [7] [8] [9] . This enhances inflammation due to smoke per se, leading to severe functional and structural abnormalities within the lung. This vicious cycle cannot be reversed, possibly apart from in Stage I.
Despite the severe consequences of EFL, the prevalence and clinical significance of this phenomenon have not been adequately studied in COPD, asthma and patients with other pulmonary and nonpulmonary disease.
By definition, finding of EFL requires the demonstration of an increase in transpulmonary pressure with no increase in expiratory flow. Therefore, direct assessment of EFL requires determination of iso-volume relationships between flow and transpulmonary pressure, an approach that is the gold standard. However, this method is technically complex, time consuming and invasive, because it requires the passage of an oesophageal balloon [10, 11] .
Until recently, the conventional method used to detect EFL during tidal breathing was one proposed by HYATT [3] in 1961. It consists of correctly superimposing a flow-volume loop of a tidal breath within a maximum flow-volume curve. This analysis and the ''concept of EFL'' have been the kernel for understanding respiratory dynamics. EFL is not present when the patient breathes below the maximal expiratory flowvolume (MEFV) curve. According to this technique, normal subjects do not reach EFL, even at maximum exercise [1, 2] . In contrast, EFL is present when a patient seeks to breathe tidally along or higher than the MEFV curve. It has long been suggested that patients with severe COPD may exhibit EFL even at rest, as reflected by the fact that they breathe tidally along or above their MEFV curve [1] [2] [3] [4] [5] [6] . However, the conventional method to detect ELF, based on the comparison MEFV and tidal expiratory flow-volume curves, has several methodological deficiencies. These include the following. 1) Thoracic gas compression artefacts. To minimise such errors, volume should be measured with a body plethysmograph, instead of using, as is common practice, a pneumotachograph or a spirometer [12] . The corollary of this is that, in practice, EFL may be assessed only in seated subjects at rest. 2) Incorrect alignment of tidal expiratory flow-volume and MEFV curves. Such alignment is usually made considering the total lung capacity (TLC) as a fixed reference point. This assumption may not always be valid [13, 14] . 3) Effect of previous volume and time history. Since the previous volume and time history of a spontaneous tidal breath is necessarily different from that of a forced vital capacity (FVC) manoeuvre, it is axiomatic that comparison of tidal expiratory flow-volume with MEFV curves is problematic. In fact, there is not a single MEFV curve, but rather a family of different curves, which depend on the time-course of the inspiration preceding the FVC manoeuvre [15] [16] [17] . Therefore, comparison of tidal expiratory flow-volume and MEFV curves is incorrect. 4) Respiratory mechanics and time constant inequalities are different during the tidal and maximal expiratory efforts, also making comparisons of the two flow-volume curves problematic [18] [19] [20] . 5) Exercise may result in bronchodilation or bronchoconstriction and other changes of lung mechanics, which may also affect correct comparisons of the two flow-volume curves [21] . 6) Patient cooperation. Another important limitation of the conventional method is that it requires patient cooperation. This is not always feasible [13, 14] .
From the above considerations, it appears that the detection of EFL based on comparison of tidal expiratory flow-volume with MEFV curves is not valid, even when a body-box is used. In fact, this has been clearly demonstrated in several studies [22] [23] [24] [25] . As a result, the use of the conventional method is no longer recommended.
The negative expiratory pressure technique
Recently, in order to overcome the technical and conceptual difficulties discussed above, the negative expiratory pressure (NEP) method has been introduced [22] [23] [24] [25] (fig. 1 ). The NEP technique has been applied and validated in mechanically ventilated intensive care unit (ICU) patients by concomitant determination of iso-volume flow-pressure relationships [23, 26] (fig. 2 ). This method does not require FVC manoeuvres, collaboration on the part of the patient or use of a body plethysmograph, and can be used during spontaneously breathing subjects in any body position [27] , during exercise [24, 28, 29] and in an ICU setting [7, 8, 23, [30] [31] [32] . With this method, the volume and time history of the control and test expiration are the same. Figure 1 depicts the experimental set-up used to assess EFL [22] . A flanged plastic mouthpiece is connected in series to a pneumotachograph and a T-tube. One side of the T-tube is open to the atmosphere, whilst the other side is equipped with a one-way pneumatic valve, which allows for the subject to be rapidly switched to negative pressure generated by a vacuum cleaner or a Venturi device. The pneumatic valve consists of an inflatable balloon connected to a gas cylinder filled with helium and a manual pneumatic controller. The latter permits remote-control balloon deflation, which is accomplished quickly (30-60 ms) and quietly, allowing rapid exposure to NEP. Alternatively, a solenoid rapid valve can be used. The NEP (usually set at about -3 to -5 cmH 2 a potentiometer on the vacuum cleaner or by controlling the Ventouri device. Flow is measured with the heated pneumotachograph and pressure at the airway opening is simultaneously measured through a side port on the mouthpiece. Volume is obtained by digital integration of the flow signal [22] [23] [24] [25] .
While performing the test, the subjects should be watched closely for leaks at the mouthpiece. By monitoring the volume record over time on the chart recorder, the absence of leaks and electrical drift can be ensured by the fact that, after the NEP tests, the end-expiratory lung volume (EELV) returns to the pre-NEP level. Only those tests in which there is no leak are valid [33] .
The NEP method is based on the principle that, in the absence of pre-existing flow limitation, the increase in pressure gradient between the alveoli and the airway opening caused by NEP should result in increased expiratory flow. By contrast, in flow-limited subjects, application of NEP should not change the expiratory flow. The current authors' analysis essentially consists of comparing the expiratory flow-volume curve obtained during a control breath with that obtained during the subsequent expiration in which NEP is applied [22, 23] .
Subjects in whom application of NEP does not elicit an increase of flow during part or all of the tidal expiration ( fig. 3 ) are considered to be EFL. By contrast, subjects in whom flow increases with NEP throughout the control tidal volume range are considered as nonflow-limited (NFL). If EFL is present when NEP is applied, there is a transient increase of flow (spike), which mainly reflects a sudden reduction in volume of the compliant oral and neck structures. To a lesser extent, a small artefact, due to common-mode rejection ratio of the system of measuring flow, may also contribute to the flow transients [22] [23] [24] . Such spikes are useful markers of EFL.
The degree of flow limitation can be assessed using four different EFL indices: 1) as a continuous variable expressed as per cent tidal volume in both seated and supine positions ; 3) as a discrete variable in the form of a two classification, i.e. NFL in the seated position, EFL in the seated position 3) as a discrete variable in the form of three categories of classification, i.e. NFL both seated and supine, EFL supine but not seated, EFL both seated and supine [22] ; and 4) as a discrete variable in the form of the five-categories classification (five-point EFL score) [25] .
Application of NEP is not associated with any unpleasant sensation, cough or other side-effects [22] [23] [24] [25] . However, there is a potential limitation of the NEP technique, which concerns normal snorers and patients with obstructive sleep apnoeahypopnoea syndromes (OSAHS) [34] [35] [36] [37] . A typical example is clearly illustrated in figure 4 .
In non-OSAHS and OSAHS patients [36, 37] , in whom there is a consistent upper airway collapse in response to the application of NEP, EFL can be assessed by either submaximal expiratory manoeuvres initiated immediately after end-tidal inspiration or by squeezing the abdomen during expiration (see below).
Turning this apparent drawback into an advantage, LIISTRO et al. [35] and VERIN et al. [36] , in OSAHS patients with no evidence of intra-thoracic obstruction, found a significant correlation of the degree of flow limitation, expressed as % tidal volume in the supine position, with desaturation index and apnoea/hypopnoea index.
Clinical applications
Since its introduction, the NEP technique has been applied to detect EFL or examine the effect of negative pressure in several studies under different conditions, i.e. different body postures [27] , rest and exercise [24, 28, 29] , in spontaneously breathing and mechanically ventilated subjects [7, 8, 23, [30] [31] [32] , paediatric [26, 38] , neurological [39] and geriatric settings [40, 41] .
In one study, EFL was determined during resting breathing in sitting and supine positions in 117 stable COPD patients [25] . Although, on average, the patients who were experiencing EFL when both seated and supine had a lower forced expiratory volume in one second (FEV1) expressed as per cent predicted than those who were not experiencing EFL, there was a marked scatter of the data. Indeed, 60% of the NFL group had an FEV1 ,49% pred and were classified as having severe to very severe airway obstruction. Thus, FEV1 is not a specific predictor of EFL in COPD patients.
Intuitively, it would be expected that patients with the most severe airway obstruction, as assessed with routine lung function measurements, would be the most dyspnoeic. However, some patients with severe airway obstruction are minimally symptomatic, whereas others with little objective dysfunction appear to be very dyspnoeic. In fact, many studies have shown that the correlation between chronic dyspnoea and FEV1 is weak. In contrast, EFL measured with the NEP technique is a much better predictor of chronic dyspnoea than FEV1 in COPD patients [25] . Furthermore, it is also shown that there is a high prevalence of orthopnoea in these patients [42] .
It appears that in stable COPD patients, there is a high prevalence of EFL, even when taking into account the severity of airways obstruction in terms of FEV1. Indeed, 48% of COPD patients were EFL as compared with 15% of stable asthmatics at comparable FEV1 values [22, 25, [42] [43] [44] . In contrast with COPD patients, most asthmatics do not exhibit EFL during resting breathing seated and/or supine [28, [42] [43] [44] [45] [46] . This discrepancy between asthma and COPD may reflect a lower elastic recoil in the latter condition.
TANTUCCI et al. [43] were the first to assess the effect of a bronchodilator (salbutamol) on resting inspiratory capacity (IC). In a group of COPD patients, divided according to the presence or absence of tidal EFL and with similar baseline FEV1 % pred, the acute administration of a bronchodilator induced a significant (.10% of baseline) increase in IC only in the tidally EFL COPD patients (,75% of these patients). It should be remembered that only 6% (European Respiratory Society criteria) or 16% (American Thoracic Society criteria) of all COPD patients examined have reversibility of airway Subsequently, it has been shown that the increase in IC after anticholinergic and salbutamol therapy best reflects the improvement in exercise tolerance [47] . Both a significant reduction in exertional dyspnoea (DBorg,exercise) and a close relationship between DBorg,exercise (decrease) and DIC at rest (% pre) (increase) were found after salbutamol, regardless of the change in FEV1, in the group of COPD patients with tidal EFL at rest. In contrast, no change in DIC at rest (% pre) and in DBorg,exercise was observed in the group of COPD patients without tidal EFL at rest. Therefore, in COPD patients, the reduction in breathlessness during mild-to-moderate exercise following the administration of a bronchodilator is heralded by an increase in IC at rest.
The improvement of IC after bronchodilator administration, which is mainly limited to patients with EFL at rest and who exhibit a reduction of baseline IC, entails reduction in dyspnoea both at rest and during light exercise [47] . Thus, in obstructive lung disease, the benefit of bronchodilator therapy should be assessed not only in terms of changes in FEV1, but, more importantly, also in terms of increases in IC. In this context it should be noted that, since performance of IC precedes the FVC manoeuvre, FEV1 and IC are, in general, recorded together during bronchodilator testing.
Although bronchodilator testing has traditionally focused on changes in FEV1, the scrutiny of changes in IC should be mandatory, because it provides more useful information than FEV1 pertaining to dyspnoea and exercise tolerance. The detection of EFL alone with the NEP technique is not an appropriate measurement of acute bronchodilator responsiveness [48] . However, the fact that after bronchodilator administration there is a significant reduction of DH only in patients with EFL at rest in the sitting position further supports the usefulness of stratifying COPD patients in subgroups with and without EFL in order to predict an improvement in DH. Thus, measurement of IC and detection of EFL are complimentary ways for assessing bronchodilator responsiveness in COPD patients [43, 47] .
The current authors have previously studied the feasibility of using the NEP technique during exercise and have assessed the implications of EFL on exercise performance [24, 28, 29] . Figure 5 shows flow-volume curves of a COPD patient both at rest and two levels of exercise [24] . With NEP, flow increased at rest, but not during exercise, indicating that EFL was present at both levels of exercise but not at rest. With the conventional test, i.e. comparing the tidal flow-volume to the MEFV curve, this patient would be classified as EFL at rest and during exercise. The NEP method has a great advantage, in that it allows for all the effects discussed earlier, including bronchoconstriction or bronchodilation occurring during exercise [28] . In this context, using the NEP test, MURCIANO et al. [29] were able to show that, although patients after single lung transplantation were not flow limited at rest, most become flow limited during exercise. Figure 6 shows subdivisions of lung volume, expressed as per cent of TLC, at rest and different exercise levels in three groups of COPD patients: EFL at rest, at 1/3 maximal power output (Wmax), and EFL or NFL at 2/3 Wmax. The presence of EFL at rest implies that increased ventilation during exercise should be associated with DH. Indeed, in the COPD patients who were EFL at rest, the EELV increased significantly at both exercise levels studied. Similarly, in the patients who became EFL at 1/3 Wmax, there was a significant increase in EELV only at 2/3 Wmax. In contrast, in the other patients, there was no significant change in EELV over the entire exercise range studied. The five COPD patients who were EFL from rest 6 0 -6
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Flow-volume curves obtained in a patient with chronic obstructive pulmonary disease a) at rest and at two different levels of exercise: b) 1/3 maximal power output (Wmax) and c) 2/3 Wmax. Zero volume represents the end-expiratory lung volume at rest. In each instance, the flow-volume loops of two consecutive breathing cycles are shown: that of a test breath during which negative pressure (NEP) of -5 cmH 2 O was applied during expiration and that of the preceding control breath. NEP was applied during early expiration (first arrow) and maintained throughout expiration (second arrow). With NEP, flow increased at rest but not during exercise, indicating that expiratory flow limitation (ELF) was present at both levels of exercise but not at rest. The expiratory flow-volume curve obtained during a forced vital capacity manoeuvre is also shown (-----); using this test the patient would be classified as ELF at rest and during exercise. exhibited a significantly lower IC % pred than the other COPD patients. If flow limitation is present at rest, with a concomitant decrease in IC, the maximal tidal volume during exercise should also be reduced. Indeed, a very low maximal tidal volume was a characteristic feature of the five COPD patients who were EFL from rest. Therefore, the lower the resting IC the lower the maximal tidal volume attained.
DIAZ et al. [49] found that IC was the only spirometric parameter in which there was almost no overlap between NFL and EFL COPD patients, and the NFL patients had almost all normal IC whilst the EFL all had ,80% pred in a group of 52 COPD patients. Furthermore, they documented a close correlation between maximal tidal volume and IC (r50.77, p,0.0001). In his group of COPD patients, DIAZ et al. [50] also confirmed the current authors' initial observation in a smaller group of COPD patients, that maximal tidal volume is closely correlated with exercise capacity [24] .
Hence, it was not surprising that linear regression analysis performed separately for EFL and non-EFL patients showed that, in the EFL patients, the sole predictor of exercise capacity was IC % pred, whilst in the NFL the ratio FEV1/FVC % pred was the sole predictor. The significant correlation of maximal oxygen uptake with FEV1/FVC ratio in patients without EFL is mainly due to the fact that a high FEV1/FVC ratio reflects a MEFV curve with an upward convexity, which implies a large flow reserve beyond the resting tidal volume range, while a low FEV1/FVC ratio reflects a curve with an upward concavity with little expiratory flow reserve over the resting tidal volume range. Thus, patients without EFL at rest but with a low FEV1/ FVC ratio are more prone to develop EFL during exercise than patients in whom this ratio is high. Development of EFL during exercise limits maximal tidal volume and, hence, maximal exercise ventilation and exercise tolerance. Accordingly, in COPD patients without EFL at rest, maximal oxygen uptake correlates directly with FEV1/FVC % pred. Therefore, the main finding of these studies was that detection of EFL at rest plays an important role in identifying the factors that limit exercise tolerance, because resting EFL clearly separates two populations of patients with significant differences in exercise tolerance. More importantly, their detection provides useful information about the mechanisms limiting exercise tolerance. In the presence of EFL, DH appears to be the main determinant of exercise performance, and the magnitude of resting IC, a well recognised marker of DH, appears to be the best clinical predictor.
Similarly, a recent study showed that most patients with stable asthma exhibit tidal EFL and DH during exercise, even if their baseline FEV1 and peak expiratory flow are within normal limits and they have no exercise-induced asthma [28] . In asthmatics with exercise-induced tidal EFL, the exercise capacity is reduced as a result of DH. This finding has important clinical implications, because it is possible that administration of bronchodilators immediately before exercise may abolish tidal EFL and DH during exercise and improve exercise capacity.
However, it should be noted that during metacholine (MCh)induced bronchoconstriction, DH, as reflected by decreased IC, commonly occurs in the absence of tidal EFL. Therefore, DH can occur in the absence of EFL, and presence of EFL may not necessarily result in DH if the available expiratory flow is sufficient to sustain resting ventilation without the need to increase EELV. This is reflected by the fact that there are patients with EFL and normal IC.
In contrast, it has been found that, during exercise, DH was closely associated with tidal EFL not only in COPD [24] but also in asthmatics [28] . This discrepancy may be due to the fact that, during MCh challenge, DH is attributed to increased expiratory resistance associated with persistent activity of the inspiratory muscles during the breathing cycle and expiratory narrowing of the glottis. While some of these mechanisms may have contributed to the exercise-induced DH seen in patients, EFL seems to be the principal factor, since it was present in all patients who exhibited DH while it was absent in all patients who did not exhibit DH. It is possible that the exercise-induced bronchoconstriction within the lungs is more homogeneous than MCh-induced bronchoconstriction. With nonhomogeneous bronchoconstriction, some regions may develop EFL with concurrent DH, while others empty normally; hence, overall EFL (as measured with NEP) may be absent. In such cases, IC may be decreased in the absence of overall EFL. In contrast, with homogeneous bronchoconstriction, overall EFL and DH should reflect the homogeneously distributed mechanical impairment within the lungs [28] .
The NEP technique has also been used to detect flow limitation in mechanically ventilated patients [7, 8, 23, [30] [31] [32] . In fact, at first, the NEP method was applied and validated during mechanical ventilation in different body postures [23] . It was found that almost all COPD patients who require mechanical ventilation are flow limited over the entire range of tidal expiration and that the supine posture promotes flow limitation. It should be noted that flow limitation is reversed in lateral decubitus and on hands and knees positions in spontaneously breathing COPD patients [27] . Other studies have shown that most patients with acute respiratory failure of pulmonary origin present tidal EFL, whilst ones with acute respiratory failure of extra-pulmonary origin did not [30] . The same authors found that most acute respiratory distress syndrome (ARDS) patients exhibit EFL, probably associated with small airways closure and a concomitant PEEPi [7] . The presence of EFL, which implies concurrent cyclic dynamic compression and re-expansion of the airways, increases the risk of low lung volume injury. In all ARDS patients, during application of 10 cmH 2 O of PEEP, EFL was abolished and the arterial oxygenation was improved satisfactorily because of alveolar recruitment in NFL patients and reduced intrapulmonary PEEPi inequality in EFL patients [8] .
Tidal EFL and PEEPi are also common in supine morbidly obese sedated-paralysed subjects after abdominal surgery [32] . This implies that the therapeutic administration of external PEEP to such patients must be monitored with concurrent assessment of EFL and PEEPi. The presence of EFL and peripheral airway closure implies a possible risk of low volume injury. Accordingly, it seems prudent to apply PEEP also in order to avoid peripheral airway closure and EFL. Therefore, the assessment of EFL in mechanically ventilated patients with the NEP technique is a potentially useful bedside approach to provide information concerning respiratory mechanics.
In the past, there was no online method available to assess whether the flows during the FVC manoeuvres were maximal or not. Recently, however, a simple method to assess FVC performance has been developed [26, 51] . It is based on a variation of the NEP technique, i.e. application of short NEP pulses of -10 cmH 2 O during the FVC manoeuvre. If the expiratory flow increases during the application of the NEP pulse, the expiratory flow is sub-maximal. In contrast, if flow does not increase with the negative pressure, EFL has been reached. Thus, with this method, it is possible to determine whether the maximal flows are low as a result of insufficient respiratory effort (e.g. weak respiratory muscles, lack of coordination, malingering) or the presence of a lung disorder.
In conclusion, the NEP technique has been used clinically in studies with the following: 1) COPD (during mechanical ventilation and exercise, correlation with dyspnoea, orthopnoea, and other lung function indexes, before and after bronchodilatation, various postures) [22-25, 27, 33, 42, 43, 49, 50] ; 2) asthma (stable asthma, during MCh bronchocostriction, and during exercise) [28, [44] [45] [46] ; 3) cystic fibrosis [52, 53] and bronchiectasis [54] ; 4) restrictive lung disease [33, 37] ; 5) obesity [32, 55, 56] ; 6) mechanically ventilated with acute respiratory failure and ARDS [7, 8, 23, [30] [31] [32] ; 7) left heart failure [57] ; 8) after single lung transplantation [29, 58] ; 9) euthyroid goitre [59] ; and 10) assessment of bronchial hyperreactivity [60] . It appears that the use of the NEP technique during tidal flow-volume analysis studies has led to the realisation of the important role of EFL in exertional dyspnoea and ventilatory impairment for a surprisingly wide range of clinical circumstances [61] . Therefore, the NEP technique should be regarded as a new useful research and clinical lung function tool.
In conclusion: 1) application of the NEP technique provides a simple, rapid, noninvasive and reliable test to detect tidal EFL [61] [62] [63] ; 2) it does not require a body-box or any cooperation on the part of the patient; 3) it can be applied in any body position, during mechanical ventilation and during exercise; 4) it may provide new insights in the physiology and pathophysiology of several diseases and the symptom of dyspnoea.
Alternative approaches
Although the NEP technique is the most widely used noninvasive test of EFL, it is not the only one available. Workers in Brussels, Belgium, have shown that manual compression of the abdomen coinciding with the onset of expiration can be used as a simple way of detecting flow limitation at rest and during exercise [64, 65] . With one hand placed on the lower back of the patient and other applied with the palm at the level of the umbilicus, perpendicular to the axis between the xiphoid process and the pubis, the operator first detects a respiratory rhythm by gentle palpation and then, after warning, the subject applies a forceful pressure at the onset of expiration. As in the NEP technique, the resulting expiratory flow-volume loop recorded at the mouth is superimposed on the preceding tidal breath. Failure to increase expiratory flow indicates EFL. This technique produces clear differences between normal subjects and patients with COPD. The presence of EFL detected during exercise in COPD patients was associated with increases in the EELV. Interestingly, not all subjects with COPD exhibited EFL when lung volume changed, a finding which requires confirmation in other series. The method is appealingly simple, overcomes problems with the preceding volume history of the test breath and is not influenced by the upper airway compliance. Despite initial concerns about the possibility that gas compression in the alveoli would produce false-positive results, this does not seem to be a practical problem. However, it can be extremely difficult to determine whether EFL is occurring for the whole or part of the preceding breath, unless the timing of the technique is very precise. Like the NEP approach, breath-to-breath variation in EELV can produce contradictory results, as the method assumes that EELV is always constant. Thus far, this technique has not been widely applied despite its relative simplicity. The most recent approach to detecting EFL during tidal breathing has been to use the forced oscillation technique previously applied to look at the frequency dependence of resistance in a range of lung diseases and now available commercially in a modified form using impulse oscillometry. However, to date, only one study with this method has been reported, although it does appear to hold considerable promise [66] . The principle here is that EFL will only be present in patients with obstructive pulmonary disease during expiration. Normally oscillatory pressures generated by a loudspeaker system at the mouth are transmitted throughout the respiratory system and, by studying the resulting pressures which are in and out of phase with the signal, both the respiratory system resistance and reactance (a measure of the elastic properties of the system) can be computed [66] . When EFL occurs, wave speed theory predicts that a choke point will develop within the airway subtended by that ''unit'' of the lung [67] . In these circumstances the oscillatory pressure applied at the mouth will no longer reach the alveoli and the reactance will reflect the mechanical properties of the airway wall rather than those of the whole respiratory system. As a result, reactance becomes much more negative and there is a clear within-breath difference between inspiration and expiration ( fig. 7) . DELLACA et al. [68] used this property to investigate the distribution of changes in within-breath reactance in normal subjects and COPD patients who were instrumented with balloon catheters. These latter allowed a comparison of flow limitation using this new method with the classical Mead-Whittenberger method [10] , directly relating alveolar pressure to flow. Although this latter technique also proved to have limitations and, specifically, could not exclude the presence of EFL at low lung volumes, the authors were able to obtain a clear separation between flow-limited and non-flow-limited breaths using a number of indices of withinbreath reactance. In contrast, within-breath resistance showed little fluctuation and did not permit the identification of flowlimited breathing. Some subjects showed consistency in the presence of flow limitation on every breath tested, while others had a more variable pattern, presumably reflecting spontaneous fluctuation in EELV. Although within-breath reactance changes are likely to be detecting EFL, a role for airway closure during tidal breathing cannot be completely excluded. This is a problem for all of the current tests designed to identify EFL. Like the other methods, this technique is independent of the previous volume history of the breath tested; however, unlike them it can give breath-by-breath data continuously and provide an aggregate estimate of the probability of flow resistance being present in an individual. It can be used easily during exercise and, perhaps most importantly of all, can be automated, which offers more widespread application for the simple detection of expiratory flow resistance in the intensive care unit and routine physiology laboratory.
Clearly, comparison between these different methods will be needed before the best combination of testing methods can be determined. All of them represent a substantial advance on traditional approaches, which compared tidal and maximal flow-volume loops or even the more robust but timeconsuming method of determining partial expiratory flowvolume loops. By freeing both the doctor and the patient from the confines of the body plethysmograph, a new era has been opened up in the understanding of the important principles of flow limitation in a wide variety of settings.
DYNAMIC HYPERINFLATION
Although many people are now familiar with the term DH, there is, as yet, no rigorous definition of exactly what this term really means. The observations which led to the study of DH in recent times began when it was noted that patients with airflow obstruction who were being mechanically ventilated would continue to exhale for a longer period of time than that determined by the ventilator settings [4] . Initially, attention focussed on the deleterious effects of this on cardiac output and, by analogy with adding PEEP, this phenomenal was termed PEEPi. A long and sometimes heated argument followed about the optimal way in which this could be measured in patients whose abdominal muscles were also active during expiration [69, 70] . Calculations of the increased work of breathing due to this phenomena indicated that there was a substantial elastic burden being placed on the respiratory muscles [71] and this was also present when PEEPi was observed in spontaneously breathing COPD patients. Subsequently, the degree of PEEPi was found to relate to the severity of resting hypercapnia [72] .
More recently, the focus of attention has shifted to the increase in EELV that accompanies this phenomenon in spontaneously breathing patients with obstructive lung disease. This was noted to be a common finding in patients with COPD during exercise [73, 74] and one that related to the intensity of their breathlessness during exercise [75] . These studies were made possible by the development of reliable methods of measuring IC during exercise [76] , when TLC appears to be constant [77] . In these circumstances, any change in IC should reflect a change in EELV. Usually, EELV falls at the onset of exercise to allow the respiratory system to remain on the steeper portion of the pressure-volume relationship and avoid the flatter upper part of this relationship, where any further increase in pressure no longer generates volume change [78] . This does not occur in COPD patients during exercise ( fig. 6 ) with a series of deleterious consequences. These include mechanical limitation of the ability to increase tidal volume and also the need for the respiratory system to operate at a higher lung volume, both of which require a greater percentage of the inspiratory reserve capacity of the respiratory muscles to sustain. The inspiratory muscles can no longer develop force as effectively as at lower lung volumes because of shortening of their initial operating length and they are more likely to develop inspiratory muscle fatigue or approach that state [79] , which itself increases volume-related increases in the sensation of breathlessness [80] . As metabolic drive increases with exercise and tidal volume is constrained, the only strategy available is to increase respiratory frequency, which, unfortunately, further decreases expiratory time and reduces the patient's ability to achieve the elastic equilibrium volume. Hence, a vicious cycle is set up, which eventually leads to exercise stopping prematurely, primarily because of exertional breathlessness [81] .
Changes in self-reported breathlessness in this setting relate closely to changes in IC and the relationship between the two is likely to be causal [82] . Certainly, bronchodilator drugs which reduce resting IC also delay the time to peak breathlessness [83, 84] . This is achieved primarily by their effect on resting IC rather than a change in the slope of the IC-breathlessness relationship, which is now recognised to be hyperbolic [84] . Thus, the term DH now encompasses two slightly different processes: 1) the inability to achieve the true relaxation volume of the respiratory system, whether at rest or during exercise; and 2) the change in EELV which accompanies exercise in certain patients and contributes to exercise limitation and dyspnoea. Clearly these two are closely related but they are not necessarily present in all patients with obstructive lung disease to the same degree.
Measuring EELV indirectly by recording the IC has an appealing simplicity and is an option available in many computerised cardiopulmonary exercise systems. It does not involve complex instrumentation, but the measurement protocol should be practiced at rest before exercise begins. The system should report breath-by-breath data and/or have a hard copy printout of the original signal, usually obtained by integrating flow from a pneumotachygraph. After a period of stable breathing, the subject is instructed to take as deep a breath in as possible and then breath out normally, the IC being derived directly as the volume changes from end-expiration. In some systems the same data can be obtained by asking the patient to fully breath out (to calculate expiratory reserve volume) and then perform an inspiratory vital capacity; IC being the difference between these two results. The former approach is now more common, but errors can occur if inspiration begins before the patients normal EELV is achieved. The most consistent and probably realistic values are achieved if the mean EELV of the three preceding breaths is used and the breath when the IC manoeuvre is performed is omitted [85] .
Several other points should be noted. Data are normally valid only for the relatively few breaths before the IC manoeuvre, as integrator drift precludes extended periods of EELV monitoring using flow at the mouth to measure volume, a particular problem at the higher levels of ventilation seen during exercise. Although most studies assume TLC to be constant during exercise, this has not been confirmed in all circumstances, for instance after bronchodilators, although the major effect here is likely to be on the resting TLC [86] . Finally, the assumption made by most respiratory physiologists that EELV is relatively constant from breath to breath (which is certainly true in anaesthetised cats) is less well studied in conscious humans, especially in those whose lung volumes are dynamically regulated and have a degree of PEEPi at rest. Hence, some physiological, as well as measurement-related, variability is to be expected, although the resting value of IC appears to be almost as reproducible as the FEV1, with a variation between tests of ,200 mL being reported [48, 87] . Exercise poses a harder problem, given the constantly changing EELV in many COPD patients, and usually only one measurement is made at each workload within a progressive exercise test.
Changing EELV can also have implications for the detection of tidal EFL, as the degree of flow limitation may vary with the lung volume adopted and this may be a problem in subjects with potentially severe EFL [48] .
Despite these technical limitations, measurement of EELV has provided insight into the mechanisms of exercise-related breathlessness in COPD [73] , the effects of bronchodilators on apparently irreversible airflow obstruction [74] , the development of hypercapnia in COPD patients during exercise [88] , the mechanisms of action of oxygen and lung volumereduction surgery in the improving exercise performance [89] [90] [91] , and, most recently, the effects of breathing heliox mixtures in severe COPD [92] . DH can be detected after walking along the corridor [93] and is normally assumed to be the result of EFL [50] , although this is not always the case (see above).
Changes in EELV do not capture all the effects of abnormal respiratory system mechanics on exercise. Studies describing the qualitative change in chest wall volume have used magnetometers to look at the contribution of different chest wall compartments, but these are technically demanding and require considerable subject cooperation [94] [95] [96] . Recently, a different approach that measures the volume of the chest wall has being applied in healthy subjects [97] [98] [99] , patients in ICU [100] and those with COPD at rest and during exercise [101] [102] [103] . Optoelectronic plethysmography (OEP) is a noninvasive measurement based on computing the volume of the chest wall from a network of points identified by shining infrared light at a series of reflective markers attached to the ribcage and abdomen [104] ( fig. 8 ). Its ability to track the position of each point in space and compute the volume enclosed and the resulting three-dimensional structure allows it to track chest wall volume during quiet breathing and exercise. Normally, the change in volume at the mouth and those occurring with each breath derived from the chest wall signal are the same at rest (in health and COPD patients). This remains true during exercise in healthy subjects, but not if they breathe through a Starling resistor nor is it the case in many COPD patients [99, 101] . In this latter group, the difference between the chest wall volume and that at the mouth reflects the effect of gas compression in the lungs, but also the displacement of blood away from the thorax and into the abdomen. This powerful new tool can track regional chest wall volume change and was able to confirm that patients with more severe COPD showed DH during incremental exercise [101] . However, others, specifically those with a greater expiratory flow reserve at rest (i.e. less likely to be flow limited during exercise) adopted the more ''normal'' approach of trying to lower EELV when they exercised ( fig. 9 ). This proved to be a poor strategy compared with DH, as they developed very high intra-abdominal pressures and actually had worse exercise performance. The exact relationship between EFL and DH and how individuals learn to adopt the latter strategy will require further study, but the availability of OEP means that this is now possible.
CONCLUSION
In conclusion, contrary to earlier beliefs, the availability of powerful new physiological tools is letting us ask a range of important new questions in patients and settings where it would have previously been impossible to obtain reliable data. The move beyond the body plethysmograph to instrumentation at the bedside or in the exercise or sleep laboratory serves to emphasise the practical application of these new physiological approaches. Although they are easier and more reliable to apply than older methods, there is still a need to pay careful attention to the way the measurement is made and to be aware of their limitations. However, the surprising findings already available and, specifically, the contribution that the measurement of expiratory flow limitation and dynamic hyperinflation in explaining symptoms like breathlessness, mean that our traditional dependence on the forced expiratory volume in one second as the only measurement of respiratory mechanics worth making is already becoming out of date.
